We tested the efTect oC the addition oC biosolids combined with a native rnycorrhizal inoculum (Arbuscular Mycorrhizal Fungi [AMF]) 00 growth oC a native Australian grass, and 00 trace element stabilization oC sulphidic gold mine tailings. A glasshouse trial was established 00 four substrates: tailings (T); tailings with a layer oC 5 cm topsoil (TS); tailings amended with 100 dry t ha-1 biosolids (LB), and tailings amended with 500 dry t ha-1 biosolids (HB). Pots oC 1.2 L oC capacity were established; sorne were inoculated with a mixture oC Glomus sp. (WUM51-9227), Scutelospora aurigloba (WUM51-53), and Acaulospora levis (WUM46) culture mix, and others were uninoculated controls. Seeds oC the native Australian grass, Bothriochloa maera were sown in the pots. Root inCection, plant biomass production, nutrients and trace element concentrations in shoots were investigated.
Introduction
Mining activities produce large quantities of waste materials such as tailings that frequently contain toxic concentrations of heavy metals and metalloids. Currently, many strategies are used to minimize the production, emission, and dispersion of pollutants from mine sites. Although landscape restoration goals for a given site may be known, the specific strategy to achieve the goals will depend on the type, concentration, and extent of contarninants and the site characteristics.
The use of vegetation cover on unstable degraded land, such as mine spoils and tailings facilities, has been determined to provide an in situ cost-effective and environmentally sustainable method of stabilizing and reclairning waste lands (Tordoff et aL 2000) . The use of vegetation to reduce erosion and provide long-terrn structural support is known Addition oC biosolids significantly increased AMF inCection oC roots compared to unamended substrates. No clear qualitative differences in colonization were detected. Addition oC biosolids and AMF together clearly improved the establishment and growth oC the native grass. Similar trends in nutritional status were shown Cor biosolids and inoculation with AMF treatments. Mycorrhizal inoculation increased plant biomass production and the eCCectiveness oC nutrient uptake. The combined use oC biosolids and mycorrhizal inoculation could be a reliable method Cor phytostabilization purposes in polluted substrates.
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as phytostabilization. Revegetation of mine sites is a welldocurnented tool for effective surface stabilization, as tailings are usually almost completely devoid of vegetation cover, which increases the likelihood of serious pollution resulting from wind and water eros ion of the bare tailings surface (Tordoff et al. 2000; Baker 2002 ).
Approaches to revegetation may be categorized as arneliorative or adaptive (Tordoff et aL 2000) . Both approaches airn to sustain vegetation, though differ in their approach to improving the growth substrate (Jolmson et aL 1994) . The arneliorative approach to revegetation atternpts to achieve optimurn conditions for plant growth by improving the physical and chemical nature of derelict land. These conditions can be attained using arnendrnents. Numerous arnendrnents have been employed to irnmobilize trace elements in contarninated soils (Knox et al. 2001) . These include lime, zeolites, apatite, Fe and Mn oxides, alkaline composted biosolids, clay minerals, and industrial byproducts such as beringite. The adaptive approach aims to apply ecological principIes to facilitate sustainable and long-terrn phytostabilization. The development of biological processes, especially nutrient cycling, is an integral component of all revegetation schernes which aim to achieve a low-maintenance vegetation cover. This reduces the need for repeated fertilizer applications and organic matter amendments (Tordoff et al. 2000) .
Mycorrhizal fungi are probably the best known group of soil microorganisms, which influence nutrient uptake patterns of plants (Allen et al. 1992) . Endophytic or arbuscular mycorrhizal fungi (AMF) are microscopic fungi that occur naturally in soil and form symbioses with plant roots to produce a mycelium network in soil. Such fungal associations increase the plant contact area with soil and have been shown to enhance root absorption of nutrients and water uptake (Smith et al. 1997) . By colonizing the roots, the fungus enhances plant growth by making soil essential elements more accessible (Allen 1991; Treseder & Allen 2000) . Accordingly, mycorrhizal colonization improves vegetation establishment and survival, particularly in adverse edaphic conditions, such as low fertility and arid soils, and increases pathogen resistance (Smith et al. 1997) . Mycorrhizal colonization also augments plant resistance toward heavy metal toxicity by limiting metal or metalloid uptake (Weissenhorn et al. 1995) , an important factor when using this method for phytostabilization. The presence of mycorrhizae thus has a beneficial role for plants growing in soils which have elevated concentrations of trace metals (Leyval et al. 1997) . The absence of AMF can, at the very least, reduce initial establishment of plants on reconstructed landscapes, therefore their presence can increase the success of phytostabilization by improving the growth and survival of establishing vegetation. Enhanced recycling of nutrients in the reconstructed soil profiles will benefit the long-term stability and sustainability of newly created vegetation communities.
In particular, gold mining creates fine sulphidic, saline wastes (tailings), which contain toxic elements and compounds such as cadmium, lead, manganese, cyanide, and particularly arsenic. In some gold mines in Victoria (Australia), As has been detected in concentrations of up to 4,000 mg kg −1 , which is 130 times the maximum allowable concentration for a "clean" soil. Little is known about the effects of mycorrhizae on plant establishment in arsenic-rich soils. Several grass species growing on soils with elevated As concentrations have been observed to have this symbiotic association (Dong et al. 2008) . However, in a previous study there was no observed improvement in biomass benefit from AMF inoculation (Knudson et al. 2003) . Strong evidence that plants with AMF symbioses can develop arsenate resistance has been presented by González-Chávez et al. (2002) .
The aim of the work reported here is to combine ameliorative and biological approaches in restoration strategies for arsenic-rich-mine tailings, including amendment with biosolids, establishing native grasses, and inoculation with a mixture of native mycorrhizal fungi. A factorial experiment was designed to test for any possible interactions between mycorrhizal treatment and biosolids application. We hypothesized that the addition of biosolids could improve chemical and physical properties of the tailings, and so enhancing grass productivity. Mycorrhizae were hypothesized to enhance the effectiveness of the biosolids in remediation. We recorded root infection, biomass production, and nutrient and trace element concentrations in shoot dry matter.
Methods Experiment Design
A native Australian C4 grass species, Bothriochloa macra (Steud.) S.T. Blake (LIG), was selected in consultation with commercial seed supplier, Native Seeds Pty Ltd, on the basis of its drought and salinity tolerance and seed availability. A glasshouse experiment was established to study the effect of biosolids and mycorrhizae on the growth and nutritional status of B. macra grown in tailings. The experiment employed four substrates: tailings (T), tailings and a superficial layer of 5 cm of top soil (TS), tailings mixed with 100 dry t ha −1 of biosolids (LB), and tailing mixed with 500 dry t ha −1 of biosolids (HB) ( Table 1) . Tailings were collected from the 15-year-old stockpiles at Stawell Gold Mine, Victoria in October 2007. The topsoil was collected from the surrounding areas of the mine. Biosolids were collected from a stockpile at Melbourne Water's Western Treatment Plant at Werribee, Victoria, Australia.
The substrates were placed in drained pots of 1.2 L of capacity, with 12 pots per substrate, giving a total of 48 experimental units. Six replicates per treatment (24 in total) were inoculated with a culture of Glomus sp. (WUM51-9227), Scutelospora aurigloba (WUM51-53), and Acaulospora levis (WUM46) supplied by the Department of Soil Science, University of Western Australia. The three AMF species were isolated from lateritic clay topsoil which had been removed prior to bauxite mining in the Darling escarpment near Perth, Western Australia. The cultures were maintained using a Trifolium subterraneum host in a pasteurized 1:1:1 coarse sand, fine sand, and crushed peat moss potting mix. Nutrients were supplied using a low phosphorus slow release fertilizer. Inoculum was prepared by chopping up the roots of the host plants then thoroughly mixing these with proportional amounts of the culture potting mix. Approximately 30 g (one large spoon) was added on to the surface of each pot with the AMF treatment then grass seeds were sown and covered with a layer of sterilized coarse sand. Seeds of B. macra were sown in the pots and after 20 days all pots were uniformly thinned to five plants/pot. The pots were arranged in a fully randomized experimental design within a glasshouse and rearranged randomly every 2 weeks to minimize the influence of microclimatic variations. All pots were initially watered to maximum water-holding capacity and then by individual drippers every second day for 2 minutes at a flow rate of 2 L/hour. Additional nitrogen was supplied by adding 44 mg N as NH 4 NO 3 per pot every 20 days.
Plant Sampling and Analysis
Plants were harvested destructively at 90 and 160 days after sowing. The fresh weight of shoots was determined at each harvest. Plant samples were washed for 15 seconds with a 0.1 N HCl solution then for 10 seconds with distilled water. Washed samples were oven-dried at 70
• C and then the dried plant material ground and passed through a 500 μm stainless steel sieve prior to analysis. Table 1 . Means (n = 3) and standard deviations (in parenthesis) for the most relevant properties of the materials and the prepared substrates. Pseudo-total elemental analyses obtained from aqua regia digests. Shoots were digested by wet oxidation with concentrated HNO 3 under pressure in a microwave digester. Analysis of nutrients (P, K, Ca, Mg, K, S, and Na) and trace elements (As, Cd, Cu, Pb, and Zn) in the extracts was performed by ICP-OES. The N content was determined by Kjeldahl digestion.
Subsamples of fresh roots were taken and stored in vials. Root fragments were cleared and stained according to the method described by Brundrett (1996) . Root samples were washed and then dispensed into McCartney bottles half-filled (25 mL) with a 10% KOH solution. These were autoclaved at 121
• C for 30 minutes. Samples were poured into a fine mesh strainer and rinsed under tap water. Cleared roots were soaked in a staining solution for 2 minutes (0.05% trypan blue in a 1:1 80% lactic acid:glycerol solution). Stained root fragments were placed on a slide and then observed under a compound microscope to determine the percentage of mycorrhizal colonization along the length of roots. Thirty root fragments from each sample were measured according to the technique of Giovannetti and Mosse (1990) in which the sample was measured alongside a graticule and the degree of infection estimated along a 1-cm length. Colonization was scored for the presence of arbuscules, vesicles, and internal hyphae.
Substrate Analysis
Substrate samples from each treatment were taken after the second grass harvest. For chemical analysis soil samples were air-dried, crushed, sieved (<2 mm), and ground (<60 μm). Soil samples for microbiological analysis were sieved (<2 mm) and stored at 4
• C prior to analysis.
Dehydrogenase activity was determined in a 1 M TrisHCl buffer (pH 7.5) by the method of Trevors (1984) , using INT (2 (p-iodophenyl)-3-(p-nytrophenyl) 5-phenyl tetrazolium chloride) as the electron acceptor. The iodonitrotetrazolium formazan (INTF) produced was measured spectrophotometrically at 490 nm.
The pH of the substrates and the biosolids was measured in 1:2.5 sample:H 2 O extracts after shaking for 1 hour. Total heavy metals (HM) and As concentrations in the tailings (<60 μm) and in the biosolids were determined by ICP-OES (IRIS ADVANTAGE, Thermo Jarrel Ash Corporation, MA, US) after aqua regia digestion in a microwave oven (Microwave Laboratory Station Mileston ETHOS 900, Milestone s.r.l., Sorisole, Italy).
CaCl 2 -soluble soil trace element concentrations were determined in 1:10 substrate sample (<2 mm) 0.01 M CaCl 2 extracts (Ure et al. 1993 ) by ICP-OES.
Statistical Analysis
Comparison of the different treatment effects by analysis of variance (ANOVA) was performed using the statistical software SPSS 15. Appropriate transformations on the data were made prior to analysis to reduce the heterogeneity of the variance. A correlation matrix between substrate chemical and plant-related parameters was calculated. The significance levels reported (p < 0.01 and <0.05) are based on Pearson coefficients.
Results

Biomass Production
Addition of biosolids and inoculation with AMF improved the growth of the native grass ( Fig. 1 and Table 2 ). This increase was especially noticeable after both AMF and the high rate of biosolids were added. Biomass production in the treatment without any amendment (T) was very low and in some pots no grass survival was recorded. Values for this treatment were therefore excluded from the statistical analysis. For the remaining treatments, biomass production (dry weight) obtained by the sum of both harvests varied from 0.51 to 8.44 g pot −1 (Fig. 1) and decreased in the order HB+ > LB+ > HB > LB > TS+ > TS. It was increased by 5-to 10-folds in treatments HB and LB compared to TS. Inoculation with AMF also improved the growth of the native grass as shown by the differences in yield between each substrate with and without inoculation. For biomass production, there was a positive interaction between inoculation with AMF and addition of substrate (Table 2) .
Root Mycorrhizal Colonization
Mycorrhizal colonization was similar in all amended inoculated treatments which ranged from 27% to 31%. These values were statistically higher than tailings inoculated but without amendment addition (Table 3) . Low levels of colonization (2.5-6.8%) were also detected in the uninoculated treatments.
Plant Nutrient Concentration
Due to similarity of macronutrient and trace elements concentrations in shoots of at the two harvests, only data from the first harvest are presented here (Figs. 2 and 3 ). In the case of the T treatment, as previously mentioned, the quantity of plant material was not sufficient to perform chemical analysis.
In general, mean concentrations of macronutrients (Ca, Mg, K, and P) were higher in the plants growing in soils amended with biosolids (LB and HB) in both inoculated and uninoculated treatments than in plants grown in the topsoil treatment (TS) (Fig. 2) . In the case of S, the highest values were found in TS treatments. Because of the equal mineral nitrogen fertilization in all pots, N concentrations in plants were similar for all treatments. There was no consistent effect of inoculation with AMF on plant nutrient concentrations. Concentrations of nutrients were in the normal range for grasses (Madejón et al. 2002) . Interaction between the two main factors inoculation with AMF and substrates was not significant for any plant nutrient (Table 2) . However, the main benefit from the combined addition of biosolids and AMF is the increased total uptake of all macronutrients (Table 4) . Values of total macronutrient uptake clearly demonstrated the effect of both AMF and biosolids on grasses. Treatment   TS  LB  TS+  LB+  HB  HB+  TS  LB  TS+  LB+  HB  HB+   TS  LB  TS+  LB+  HB  HB+   TS  LB  TS+  LB+  HB  HB+   TS  LB  TS+  LB+  HB  HB+   TS  LB  TS+  LB+  HB 
Trace Element Concentration
Arsenic concentrations were very low (0.70-1.33 mg kg −1 ) in plants grown in all treatments, and no differences between treatments were found (Fig. 3) . Mean concentrations of Cd varied between 0.10 and 0.74 mg kg −1 . Cd concentrations were higher in biosolid (LB and HB) treatments. Inoculation with AMF reduced As and Cd concentrations in shoots ( Fig. 3 and Table 2 ). Mean concentrations of Cu varied only between 9.0 and 13.8 mg kg −1 (Fig. 3) and were very similar in all treatments. Nickel concentrations varied between 12.7 and 33.4 mg kg −1 and were lower in HB+ treatment. Mean values of Pb were also very similar in all treatments and only ranged between 1.27 and 2.58 mg kg −1 . As with Cd, Zn concentrations were higher (42.4-94.0 mg kg −1 ) in plants in the biosolid treatments (Fig. 3) . Inoculation with AMF did not affect plant Cu, Pb, Ni, and Zn concentrations. There was no evidence of interaction between inoculation and substrates for any of the trace elements determined ( Table 2) . As a rule, total uptake of all trace elements (Table 5 ) was higher in HB+ treatment.
Substrate Analysis
The addition of biosolids increased the pH of the tailings, whereas EC values were not affected (Table 6 ). Inoculation   Treatment   TS  LB  TS+  LB+  HB  HB+  TS  LB  TS+  LB+  HB  HB+   TS  LB  TS+  LB+  HB  HB+  TS  LB  TS+  LB+ Table 6 . Mean values of the most relevant properties of the substrates at the end of the experiment. +/− refer to mycorrhizal inoculation. with AMF did not affect pH or EC values in the substrates. Dehydrogenase activity was higher in soil amended with biosolids. In general, dehydrogenase activity was higher for inoculated soils, although differences were not significant (Table 6) . CaCl 2 -soluble trace element concentrations were generally similar for all substrates (Table 4) . CaCl 2 -soluble concentrations of As and Pb in all substrates were below the detection limits (<0.1 mg kg −1 ). The concentration of Cd was higher in the HB treatment than in the T and TS treatments. Inoculation with AMF did not have any clear influence on trace element solubility.
Interaction between the two main factors, inoculation with AMF and substrates was not significant for any variable (Table 7) .
Discussion
The inoculum used in our experiment was a mixture of laboratory strains of endophytes which did not appear to be inhibited by growing their host in the arsenic-rich sulphidic tailings or by the presence of heavy metals in the biosolids used. Mycorrhizal colonization rates in roots produced in tailings were similar to those reported for field isolates of Glomus mosseae (28%) from Holcus lanatus roots (González-Chávez et al. 2002) . Other studies showed that mycorrhizae isolated from As mine spoils had similar colonization rates but did not enhance growth of basin wildrye, Leymus cinereus (Knudson et al. 2003) . This highlights the need for screening of AMF isolates in order to determine the tolerance and the efficacy of field-collected strains in relation to the specific edaphic conditions of mine wastes.
Addition of biosolids increases the plant biomass and the shoot concentrations of several plant nutrients. Use of amendments and introduction of metal-tolerant plants has been proposed as a cost-effective approach to remediation of metalcontaminated soils, which most closely follow natural processes (Gunn et al. 1995) . Inoculation with AMF increases the effectiveness of nutrient uptake and plant biomass production. These effects are especially important in degraded or/and contaminated soils. In this case, our findings are also consistent with the extensively documented enhanced growth effects of plants which have the symbiotic association (Smith et al. 1997) . However, mycorrhizal proliferation has been reported to decline in the presence of elevated soil phosphorus concentrations (Hetrick et al. 1994) . Most biosolids contain elevated levels of phosphorus therefore it is likely that these would inhibit root colonization by the fungal symbionts. This was not the case here, possibly due to the phosphorus being strongly bound to the humic substances in the biosolids. The AMF are then able to mediate the solubilization and uptake of this nutrient.
The results showed a greater uptake of N, P, K, Ca, and Mg in soils treated with biosolids and especially in the inoculated treatments. This could have very important implications for the long-term sustainability of an ecosystem. The increase of S concentration found in soils treated with top soil could be due to a concentration effect for the lower biomass recorded for these treatments.
Arsenic concentrations were generally within normal levels for plants (0.01-1 mg kg −1 ) (Chaney 1989) . Similar concentrations were reported by Madejón et al. (2002) in Cynodon dactylon and Sorghum halepense growing on contaminated soils. Despite the high concentrations of As in the substrate, plants did not show high levels of these elements in their tissues. This can be related to rapid change of As from soluble into precipitated forms and to preferential As accumulation in roots or tuber tissues (Smith et al. 1998 ). Cadmium and Zn concentrations were also within normal levels for plants (Chaney 1989) . However, in the case of Cd the limit for livestock (0.5 mg kg −1 ; Chaney 1989) was slightly exceeded in HB and LB treatments. Cadmium and Zn have a high soil-plant transfer coefficient and may pose higher risks than other elements for grazing species. Inoculation with AMF did reduce Cd uptake. This fact could be related to the precipitation processes that take place in roots that reduce the transfer of this element to the aerial parts (Joner et al. 2000) . This was not the case with Zn. The concentrations of Ni, Pb, and Cu tended to be lower in the treatment with highest biomass, implying dilution due to better plant growth. Concentrations of Cu, Ni, and Pb were in the normal range for grasses and inoculation with AMF did not affect shoot contents of these metals.
Trace element concentrations in plants of the biosolidamended pots were in general higher than those of plants from TS, and the total amount of trace elements uptake in the LB and HB was much higher. Trace elements removed by the plant may potentially enter a new biogeochemical cycle. When plants decompose and trace elements are returned to the soil, they may occupy different parts of the total soil pool to those not removed. However, this fact is unavoidable if the revegetation of the area is the final goal in order to create a remediation strategy. It is therefore important to reduce the uptake of toxic elements by plants, which can be done successfully by adjusting amendment addition and the use of inoculation with AMF, and then to monitor trace element contents of different plant species growing in the affected area.
The results from this experiment show that the addition of biosolids enhanced the growth of the grass in arsenicrich tailings. Increased biomass correlated with biosolids addition and inoculation with AMF. Enhanced plant biomass production was measured in the LB and HB treatments, and especially so in HB. This could be attributed to pH changes and to the improvement of tailings conditions (improvement of physical properties and nutrient addition). The positive correlation between substrate pH and plant biomass production confirms this suggestion. In this manner, improvement of soil conditions can enhance the process of vegetation development.
The low values of dehydrogenase activity observed in all substrates display the poor microbiological status of the original tailings. The addition of biosolids and the inoculation with AMF increased the biological activity of the substrates. The influence of organic amendments on enzyme activities in contaminated soils has been the subject of several recent studies (Pérez de Mora et al. 2006) . In the present study, we did not find any clear relationship between trace element concentrations and dehydrogenase activity. Activity of this enzyme was positively correlated with soil pH indicating the beneficial effect of the amendments on soil pH. Ellis et al. (2003) found that pH had the greatest influence on dehydrogenase activity in a Zn-polluted soil. Inoculation with AMF increases the activity of this soil enzyme indicating an improvement of the organic matter turnover. An increase in enzymatic activities in the rhizosphere of inoculated plants has been observed previously (Vivas et al. 2005 ). These authors attributed this increase to the effect of nutrient leakage from roots. The effectiveness of AMF could also be the result of an indirect effect through changes in microbial composition of the rhizosphere (Medina et al. 2006) . In this study we did not quantify root biomass but this measure is usually strongly correlated with shoot biomass. In any case, we found a good correlation between values of dehydrogenase activity and shoot biomass.
Conclusions
Amending sulphidic and arsenical mine tailings with metal contaminated biosolids and AMF inoculation increased the development of a native grass by improving nutrient uptake. The improvement of the physical, chemical, and biological conditions of the otherwise toxic tailings through the biosolids addition enhanced plant survival and development. Moreover, inoculation with AMF can clearly enhance the effectiveness of the biosolids application in phytostabilization of tailings. Despite the elevated phosphorus levels in the biosolids which can suppress AMF proliferation, our findings further support the positive benefit of inoculating wastes with soil microflora essential for the nutrient cycling processes and as well as inhibiting uptake of toxic trace elements which then enables these remade mine soils to support stable and self-sustaining plant communities. Although further field experiments are necessary, the combination of arbuscular mycorrhizal fungi (AMF) and biosolids proves to be a promising technique for restoration of arsenical mine tailings.
Implications for Practice
• Creating a mine soil on non-acidic arsenic-rich sulphidic tailings is possible with biosolids amendments.
• An Australian native grass species Bothriocloa macra showed improved establishment on biosolids amended tailings with a multispecies fungal inoculum.
• AMF inoculation reduced uptake of heavy metals and arsenic from metal contaminated biosolids and tailings and thus diminishing the risk for the food chain.
